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Previouswork has shown that Suc1/Cks proteins can
promote the hyperphosphorylation of primed Cdk1
substrates through the formation of ternary Cdk1-
Cks-phosphosubstrate complexes. This raises the
possibility that Cks proteins might be able to both
facilitate and interfere with hyperphosphorylation
through a mechanism analogous to the prozone
effect in antigen-antibody interactions, with sub-
stoichiometric Cks promoting the formation of
Cdk1-Cks-phosphosubstrate complexes and supra-
stoichiometric Cks instead promoting the formation
of Cdk1-Cks and Cks-phosphosubstrate complexes.
We tested this hypothesis through a combination of
theory, proof-of-principle experiments with oligonu-
cleotide annealing, and experiments on the interac-
tion of Xenopus cyclin B1-Cdk1-Cks2 with Wee1A
in vitro and in Xenopus extracts. Our findings help
explain why both Cks under-expression and overex-
pression interfere with cell-cycle progression and
provide insight into the regulation of the Cdk1
system.
INTRODUCTION
Mitotic cyclin-dependent kinase complexes consist of three pro-
teins: the Cdk1 catalytic subunit, the allosteric activator cyclin B,
and a third small protein referred to as Suc1 in S. pombe, Cks1 in
S. cerevisiae, and Cks1 or 2 in vertebrates. The Cdk and cyclin
subunits are well-known and well-studied; the Cks subunit,
less so. Cks proteins are present throughout the eukaryotic
kingdom and are well conserved (50% amino acid identity
between human Cks1 and its S. pombe and S. cerevisiae
homologs).
Whereas the cyclin andCdk subunits are required for activity of
the Cdk complex, the role of the Cks subunit has been less clear
(Pines, 1996). Cks proteins are essential in fission yeast (Hayles
et al., 1986) and in mice (Martinsson-Ahlze´n et al., 2008). Cks1
is not required for viability in budding yeast, but Cks1 null cells
do exhibit multiple abnormalities (Yu and Reed, 2004). In
S. pombe, loss of function Suc1 mutations result in strains that1408 Cell Reports 14, 1408–1421, February 16, 2016 ª2016 The Authare compromised for cell-cycle progression (Basi and Draetta,
1995; Hayles et al., 1986; Moreno et al., 1989), but curiously,
Suc1 overexpression results in a similar phenotype (Hayles
et al., 1986). Similar conclusions have been drawn frombiochem-
ical studies of Suc1 and the Xenopus laevis Suc1 homolog Cks2,
the main isoform present in Xenopus extracts (W€uhr et al., 2014).
Depleting Cks2 from extracts diminishes the Cdk1-dependent
hyperphosphorylation of Cdc25C, Cdc27 (APC3), Myt1, and
Wee1A, and Cks2 promotes the hyperphosphorylation of these
proteins in vitro (Patra and Dunphy, 1996, 1998; Patra et al.,
1999). But adding excess Cks proteins to Xenopus also dimin-
ishes substrate hyperphosphorylation (Dunphy and Newport,
1989). This raises the question of what exactly Cks proteins do,
andwhy thephenotypes ofCksdeficiencyandexcess are similar.
An important step toward understanding Cks function came
from structural studies of Cks proteins (Arvai et al., 1995; Bourne
et al., 1995, 1996, 2000; Endicott et al., 1995; Parge et al., 1993).
Cks proteins possess a surface-exposed pocket lined with
highly conserved cationic residues, and this pocket sometimes
co-crystallizes with either sulfate or phosphate (Arvai et al.,
1995; Parge et al., 1993). This raises the possibility that Cks pro-
teins bind phosphoepitopes, and could help Cdk complexes to
interact with proteins that have already been primed by a first
phosphorylation, either by the Cdk itself or by some other prim-
ing kinase. Indeed, Patra and Dunphy (1996) hypothesized that
XenopusCks2 acts as a docking factor to promote the full hyper-
phosphorylation of substrates like Cdc25C, and that supraphy-
siological concentrations of Cks2 disrupt these interactions.
Consistent with this hypothesis, the same authors showed that
Cks2-containing Cdk1 complexes bind more strongly to hyper-
phosphorylated Cdc27 than to hypophosphorylated Cdc27
(Patra and Dunphy, 1998).
Recent studies of the budding yeast Cks1 protein have
demonstrated that Cks1 can, in fact, act as a docking factor,
promoting the interaction of Cdk1-cyclin complexes with
primed substrates through direct interaction with the phos-
phoepitope (Ko˜ivoma¨gi et al., 2013; McGrath et al., 2013). The
S. cerevisiae Cks1 protein was shown to bind to phosphopepti-
des derived from the Cdk1 substrates Cdc6 and Sic1 with
affinities on the order of 10 mM, with the optimal primary
sequence for Cks1 binding being FXTP, with F being either a
bulky hydrophobic residue or a proline (McGrath et al., 2013).
Structural studies showed that the phosphate from a Cdc6-
derived phosphopeptide did, as long suspected, bind in theors
Figure 1. Equilibrium Binding of Two
Ligands, A and C, to a Bivalent Adaptor B
(A) A schematic view of the four binding reactions
leading to dimeric complexes and the full ternary
complex. The K’s are the equilibrium constants.
(B) Calculated equilibrium concentration of the
reactants (A and C, dashed curve), the binary
complexes (AB and BC, dotted curve), and the
ternary complex (ABC, solid curve) as a function of
the total concentration of the adaptor B. The
parameter values were Atot =Ctot = 1 and K1 = K2 =
K3 = K4 = 0.01.
(C) The equilibrium concentration of ABC as a
function of Btot for various assumed values of all
four K’s. In each case, we assumed Atot = Ctot = 1.
(D) The equilibrium concentration of ABC as a
function of Btot for various assumed values of
Atot and Ctot. The dashed curves represent the
high-affinity limit (K1 = K2 = K3 = K4/ 0) and the
solid curves represent K1 = K2 = K3 = K4 = 0.01.putative phosphate-binding pocket of Cks1. Furthermore, the
multisite phosphorylation of Cdc6 and Sic1 was promoted by
the presence the FXTP sites, supporting the idea that an initial
priming phosphorylation of a Cks1-binding TP site promotes
additional phosphorylations at SP and TP sites in the vicinity of
the priming site (Ko˜ivoma¨gi et al., 2013; McGrath et al., 2013).
The authors hypothesized that Cks1 functions as a specificity
factor, and that, through its interaction with particular primed
TP sites, it restricts the activity of Cdk1 to specific nearby
SP/TP sites in its substrates (Ko˜ivoma¨gi et al., 2013; McGrath
et al., 2013).
Another consequence of this priming mechanism is the possi-
bility that it could contribute cooperativity to a multisite phos-
phorylation reaction. Multisite phosphorylation has the potential
to generate a highly switch-like, ultrasensitive input-output rela-
tionship, and in simple models of multisite phosphorylation, ul-
trasensitivity is greatest if the last phosphorylations are more
favorable than the early ones (Ferrell and Ha, 2014; Gunawar-
dena, 2005; Huang and Ferrell, 1996; Markevich et al., 2004;
Wang et al., 2010). Priming is one mechanism for promoting
such later phosphorylation reactions and thus generating high
ultrasensitivity. On the other hand, priming can make a multisite
phosphorylation reaction more processive (Ko˜ivoma¨gi et al.,
2013; McGrath et al., 2013), and processivity in the phosphory-
lation and/or dephosphorylation reactions tends to work against
the generation of an ultrasensitive response.
Here, we examine another potentially important consequence
of the binding of Cks proteins to both Cdk1 and substrate phos-
phoepitopes. In general, if two proteins (e.g., Cdk1 and the
substrate) can both bind to an adaptor protein (e.g., Cks2) with
sufficiently high affinity, then optimal concentrations of the
adaptor should promote formation of the ternary Cdk1-Cks2-
substrate complex, whereas higher-than-optimal concentra-
tions should promote the formation of binary Cdk1-Cks2 and
Cks2-substrate complexes at the expense of ternary complex
formation. This phenomenon is analogous to the prozone effect,Cell Rwhere excess antigen inhibits the formation of crosslinked
antigen-antibody complexes (Bray and Lay, 1997; Heidelberger
and Kendall, 1929). In other contexts, related phenomena go by
different names. For example, in transcription, a similar seques-
tration-based phenomenon is generally referred to as ‘‘squelch-
ing’’ (Cahill et al., 1994; Guertin et al., 2014; Natesan et al., 1997;
Prywes and Zhu, 1992), and in cascade biochemistry, the term
‘‘combinatorial inhibition’’ is sometimes used to describe a
similar phenomenon (Levchenko et al., 2000).
Thus, it seemed plausible that the biphasic effects of Cks
proteins on Cdk1 function could be due to a prozone-type
mechanism. To test this hypothesis, we begin by exploring
the theory of ternary complex formation, following the leads
of Bray and Lay (1997) and Levchenko et al. (2000), to see un-
der what circumstances a biphasic response to Cks2 would be
expected. We then test the theory by constructing a synthetic
model of adaptor-mediated squelching from deoxyoligonucleo-
tides with predictable binding behaviors. Finally, we show that
the binding of cyclin B1-Cdk1 to phosphorylated Wee1 is
promoted by equimolar concentrations of Cks2 and inhibited
by higher concentrations of Cks2, in agreement with an
adaptor-mediated squelching mechanism. These findings ratio-
nalize why, in vivo, both Cks deficiency and Cks excess can
interfere with Cdk1 signaling.
RESULTS
Theory: The Prozone Effect in Ternary Complex
Formation
Bray and Lay (1997) examined a variety of protein oligomeriza-
tion schemes through numerical simulations, looking for
topologies that were capable of giving rise to a prozone effect.
One of the simplest schemes they examined, and the one that
is most directly applicable to the Cdk1-Cks2-phosphosubstrate
system, involves the association of a bivalent adaptor (like Cks2,
corresponding to species B in Figure 1A) with two monovalenteports 14, 1408–1421, February 16, 2016 ª2016 The Authors 1409
binding partners (here Cdk1 and the phosphosubstrate, corre-
sponding to species A and C in Figure 1A). We derived algebraic
expressions (in the Supplemental Information) for the equilibrium
concentrations of each of the individual state variables (A, B, C,
AB, BC, or ABC) as a function of the parameters (the equilibrium
constants and the total concentrations Atot, Btot, andCtot). These
equations were then used to examine how the binding curves
depend upon the affinities and stoichiometries, with the aim of
seeing under what circumstances a prozone effect is maximized
or minimized.
We began by assuming that the concentrations of Atot andCtot
were equal to 1 and all of the equilibrium constants were equal to
0.01; i.e., the binding reactions were all running close to satura-
tion. As the assumed amount of Btot increased from 0 to 1, the
equilibrium concentrations of A and C decreased approximately
linearly and the equilibrium concentration of ABC increased
approximately linearly (Figure 1B). However, once the assumed
amount of Btot exceeded 1, the equilibrium concentration of
ABC began to fall and the system transitioned toward producing
dimericAB andBC in preference to trimericABC (Figure 1B). The
biphasic response of ABC to Btot is analogous to the ‘‘prezone’’
and ‘‘prozone’’ responses in an antibody-antigen interaction
(Bray and Lay, 1997; Heidelberger and Kendall, 1929).
Optimal Affinities and Stoichiometries
Next, we systematically varied the parameters of the model.
First, we increased or decreased all of the binding affinities
together, keeping the assumed concentrations of Atot and Ctot
equal to 1. In the limit of infinitely high binding affinities, the
equilibrium concentration of ABC increased linearly with Btot
for Btot % 1 and then decreased inversely with Btot for Btot > 1
(Figure 1C; Supplemental Information). As the assumed affinities
decreased, the peak decreased in height and the position of the
peak shifted to higher Btot concentrations and the prozone effect
became less prominent. Nevertheless, there was still a discern-
ible biphasic response even at relatively high K values. For
example, when all four K values were taken to be 1, a maximal
response was obtained when Btot z2, and the response when
Btot was 10 had fallen to approximately 47% of maximum
(Figure 1C).
The optimal concentration of Btot depended upon the
assumed concentrations of Atot and Ctot. In the high-affinity limit,
the optimal concentration ofBtotwas equal to the concentrations
ofAtot andCtot. (Figure 1D). Thus, themolar ratio of the adaptor to
its binding partners determines whether or not squelching
occurs. In the high-affinity limit, if the concentrations of Atot
and Ctot were assumed to be different from each other, the
amount of ternary complex peaked at the lower of the Atot and
Ctot concentrations and then began to fall above the higher of
the two concentrations.
Testing the Theory with Oligonucleotide Annealing
We next set out to test the theory described above through
in vitro binding experiments. While the motivation for this work
came from protein-protein interactions, we chose to carry out
these experiments with oligonucleotides. The theory described
above applies equally well to DNA annealing as it does to pro-
tein-protein interactions. Moreover, it is relatively easy to1410 Cell Reports 14, 1408–1421, February 16, 2016 ª2016 The Authgenerate high-affinity interactions, where the prozone effect
would be most prominent, with oligonucleotides, and it is easy
to assess complex formation through electrophoretic mobility
shift assays.
Two Components and Binary Complex Formation
We started with a simple two-component system as shown in
Figure 2A. A 42 nt oligonucleotide designated Adaptor-42, and
its complement, Input-42, were chosen to minimize the forma-
tion of secondary structure and self-dimers, and to afford stable
binding during the room temperature mobility shift assays (Jul-
lien and Herman, 2011). The concentration of Input-42
was held at 100 nM or 1,000 nM, and the concentration of
Adaptor-42 was varied over a wide range. The equilibrium level
of binary complex formation was then assessed by electropho-
retic gel shift analysis and densitometry.
As shown in Figures 2B–2G, the amount of binary complex
increased linearly with Adaptor-42 until the concentration of
Adaptor-42 equaled that of Input-42 (100 nM or 1,000 nM).
Notably there was no decrease in binary complex formation at
high concentrations of Adaptor 42. The linear increase in binding
up to amaximum is what would be expected given the high affin-
ity of Input-42 for Adaptor-42 (see theSupplemental Information).
Three Components and Binary versus Ternary Complex
Formation
We then turned to a three-component system, with one oligonu-
cleotide functioning as the adaptor (Adaptor-42) and two com-
plementary functioning as ligands (Input-14 and Input-27). To
minimize the possibility of interaction between the two input li-
gands, their binding sites on Adaptor-42 were separated by a
one nucleotide gap. The basic scheme for the formation of binary
and ternary complexes by these binding partners is shown in Fig-
ure 2H. Again, the concentration of the two input oligos was
held at either 100 nM or 1,000 nM, and the concentration of
Adaptor-42 was varied over a range.
At a fixed concentration of Input-14 and -27 of 100 nM, the
amount of ternary complex formed increased with the concen-
tration of Adaptor-42 until Adaptor-42 reached 100 nM. At that
point, the amount of ternary complex began to fall (Figures 2J
and 2K), and the amount of binary complex grew, eventually
exceeding the concentration of ternary complex (Figure 2I).
Similar results were obtained when Input-14 and Input-27 were
fixed at 1,000 nM, except that the binding did not begin to
decrease until Adaptor-42 exceeded 1,000 nM (Figures 2L–
2N). Thus, a prozone-type response was obtained, with the
response being maximal when the concentrations of the inputs
and the adaptor were equal.
To compare the experimental responses to the theory, we
assumed the equilibrium constants for the four binding-dissoci-
ation reactions shown in Figure 2H were all high. We also
assumed, because of the gap between the binding sites for the
two input oligos, that the binding was non-cooperative, and
assumed, for simplicity, that there was no skewing in the binding
(see the Supplemental Information). The resulting theoretical
binding curves are shown in the solid curves in Figures 2J, 2K,
2M, and 2N. The theoretical curves fit reasonably well with the
observed data, with the amount of the ternary complexors
Figure 2. The Prozone Effect in the Binding of Two Oligonucleotides to a Complementary ‘‘Adaptor’’ Oligonucleotide
(A) Schematic depiction of the two-component annealing reaction.
(B–G) Experimental data for the equilibrium binding of various concentrations of Adaptor-42 to 100 nM (B–D) or 1,000 nM (E–G) Input-42. (B) and (E) show the
binding reaction products separated on a TBE polyacrylamide gel and stained with SYBR gold. (C), (D), (F), and (G) show the quantified levels of the binary
complex as averages ±SE for three experiments. (C) and (F) are linear plots; (D) and (G) are semi-log plots. The solid curves show the theoretical binding based on
Equation 12 in the Supplemental Information and the calculated free energy of binding (IDT-Biophysics, 2015; Owczarzy et al., 2011) of Input-42 for Adaptor-42.
(H) Schematic depiction of the three-component annealing reaction.
(legend continued on next page)
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increasing linearly as the concentration of Adaptor-42 increased
from 0 to the optimal concentration (100 or 1,000 nM) and then
falling in proportion to 1/Adaptor-42 above the optimal concen-
tration. These experimental findings validate the theory.
Is There a Prozone Effect in the Interaction of Cks2 with
Cyclin B1-Cdk1 and Wee1A?
We then turned to the question of whether a prozone-like effect
might be observed in the interaction of cyclin B1-Cdk1 with
particular substrate proteins via the intermediacy of Cks2. The
substrate we chose to examine in detail was Wee1A, the embry-
onic isoform of the conserved Cdk1-inactivator Wee1. There
were several reasons for this choice. First, Wee1A is a plausible
Cks2-binding protein. Wee1A receives complex regulatory
inputs, including positive regulation through the binding of 14-
3-3 proteins to a C-terminal phosphorylation site (Lee et al.,
2001), and a series of phosphorylations at at least five Ser/Thr-
Pro sites located in the first 150 amino acids of the Wee1A N ter-
minus (Kim et al., 2005) that negatively regulate Wee1A. There
are two of the N-terminal phosphorylation sites that fit the
consensus defined by McGrath et al. (2013) for optimal binding
of phosphopeptides to yeast Cks1 (PIT53P and PFT150P). In addi-
tion, the budding yeast homolog of Wee1A (Swe1) appears to
bind to Cdk1 and to phosphorylate Cdk1 in a Cks-dependent
fashion (McGrath et al., 2013). And, finally, Patra and
Dunphy (1998) had shown that Cks2 promotes Wee1A phos-
phorylation, as well as the phosphorylation of Cdc27, Cdc25,
and Myt1, both in Xenopus extracts and in vitro (Patra et al.,
1999). Thus, it seemed plausible that Cks2 would recognize
primed Wee1A and promote its ultimate hyperphosphorylation
and inactivation.
Second, quantitative studies of Wee1A’s steady-state
response to Cdk1 in Xenopus egg extract have shown that the
phosphorylation of T150, a site whose phosphorylation is
required for inactivation of Wee1A is highly ultrasensitive, with
a Hill coefficient of 3.5 (Kim and Ferrell, 2007). Ultrasensitivity
is particularly favored if the first phosphorylations promote the
last, or if the few dephosphorylations promote the last; that is,
if there is cooperativity in the phosphorylation and/or dephos-
phorylation of Wee1A (Ferrell and Ha, 2014; Kim and Ferrell,
2007). The ability of Cks2 to bind to specific phosphothreonine
epitopes could provide this cooperativity.
We therefore testedwhetherWee1A could bind Cks2, whether
such binding required Wee1A phosphorylation, and if so,
whether there was a prozone effect in the Cks2-mediated inter-
action of Wee1A with cyclin B1-Cdk1.
Hyperphosphorylated Wee1A Binds More Strongly to
Cks2 Than Does Hypophosphorylated Wee1A
HyperphosphorylatedWee1Awas generated by incubating puri-
fied recombinant Wee1A in vitro with purified recombinant cyclin
B1-Cdk1 complexes (Figure 3A). For comparison, we mock-(I–N) Experimental data for the equilibrium binding of various concentrations o
the binding reaction products separated on a TBE polyacrylamide gel and sta
ternary complex as averages ±SE for three experiments. (J) and (M) are linear plo
based on Equations 14 and 17 in the Supplemental Information, assuming infini
parameters.
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mutations at the 11 potential Ser/Thr-Pro phosphorylation sites
and is not phosphorylated by Cdk1 (Figure 3A) (Kim et al.,
2005). The reaction products were then incubated with excess
recombinant GST-Cks2 and the Cks2-associated proteins on
glutathione beads. As shown in Figure 3B, the glutathione beads
pulled down Cks2 and cyclin B1-Cdk1 from both the wild-type
and OP11-Wee1A phosphorylation reactions, but pulled-down
Wee1A and pT150-Wee1A (Wee1A phosphorylated at a critical
late phosphorylation site, Thr 150) only from the wild-type phos-
phorylation reactions. These studies indicate that hyperphos-
phorylated Wee1A interacts more strongly with Cks2 than does
hypophosphorylated Wee1A. Similar findings were reported for
Xenopus Cdc27 (Patra and Dunphy, 1998).
To further test this idea and to quantify the effect of the phos-
phorylation, we incubated various concentrations of recombi-
nant Wee1A with cyclin B1-Cdk1 in the presence or absence
of ATP and then added GST-Cks2 and pulled-down complexes
with glutathione beads (Figure 3C). As shown in Figures 3D
and 3E, the half-maximal binding was estimated to be attained
with 120 ± 5 nM (mean ± SE, from non-linear regression),
and for hypophosphorylated Wee1A, the fitted value was
526 ± 39 nM.
To test the relevance of these in vitro measurements to the
situation in cells, where numerous other Cdk1-interacting
proteins are present that might, through competition or
crowding, greatly alter the effective binding constants (Sadaie
et al., 2014), we carried out binding experiments in crude
Xenopus egg extracts. We prepared interphase extracts and
M phase arrested cytostatic factor (CSF) extracts, added puri-
fied recombinant GST-Cks2, incubated the extracts for 45 min
at room temperature, and then pulled down GST-Cks2 and
any associated proteins on glutathione beads. As shown in
Figure 4A, GST-Cks2 pulled down endogenous Cdk1 from
either type of extract, and pulled down cyclin B2 and Wee1A
from M phase extracts, but pulled down only trace amounts
of cyclin B2 and Wee1A from interphase extracts. None of
these proteins were detected in control GST pull downs
(Figure 4A).
To determine whether the association of Cdk1 with Wee1
in extracts depended upon the phosphorylation state of
Wee1A, and to gauge the strength of the association, we
incubated various concentrations of kinase-minus Wee1A-
K239I with M phase extract (interphase extract pre-incubated
with 90 nM GST-D90-cyclin B1 and 230 nM FLAG-Cdk1AF)
for 3 min (to yield hypophosphorylated Wee1A) or 10 min
(to yield hyperphosphorylated Wee1A), quenched the
phosphorylation and dephosphorylation with EDTA (to inhibit
all kinases) plus okadaic acid (to inhibit the relevant phos-
phatases), and then pulled down the GST-D90-cyclin B and
any associated proteins by incubation with glutathione beads
on ice. As shown in Figure 4B, the hyperphosphorylatedf Adaptor-42 to 100 nM or 1,000 nM Input-14 and Input-27. (I) and (L) show
ined with SYBR gold. (J), (K), (M), and (N) show the quantified levels of the
ts; (K) and (N) are semi-log plots. The solid curves show the theoretical binding
te affinity, no cooperativity (c = 1), and no skewing (s = 1), with no adjustable
ors
Figure 3. Dependence of Cks2-Wee1A Binding on Wee1A Phosphorylation
(A and B) GST-Cks2 pulls down phosphorylated Wee1A, but not mock-phosphorylated OP11-Wee1A.
(A) Schematic view of the experiment. The concentrations of the Wee1A, D65-cyclin B1, and Cdk1AF were 20 nM; the concentration of GST-Cks2
was 300 nM.
(B) Immunoblots (for total Wee1A, pT150-Wee1, and Cdk1AF) and Ponceau S staining (for GST-Cks2).
(C–E) GST-Cks2 pulls down hyperphosphorylated Wee1A better than hypophosphorylated Wee1A.
(C) Schematic view of the experiment. The protein concentrations were: D65-cyclin B1,200 nM; Cdk1AF,200 nM; GST-Cks2,300 nM; and Wee1A, various
concentrations, as shown.
(D) Wee1A, Cdk1, and GST-Cks2 in the GST pull downs, from one experiment.
(E) Quantitative Wee1A pull down data as averages ±SE for four experiments. Data are shown as means ± SE.Wee1A was pulled down by GST-D90-cyclin B1 better than the
hypophosphorylated Wee1A was. The EC50 value for the bind-
ing of hyperphosphorylated Wee1A to cyclin B1-Cdk1-Cks2
was estimated to be 75 ± 6 nM, and for hypophosphorylated
Wee1A 271 ± 9 nM, within a factor of two of the values
measured in vitro.
Finally, we carried out similar experiments to compare the
cyclin B1-Cdk1-Cks2 binding of hyperphosphorylated Wee1A
to OP11-Wee1A. Various concentrations of FLAG-OP11-
Wee1A and FLAG-KM-Wee1A were incubated with M phase
extracts containing 90 nM GST-D90-cyclin B1 and 230 nM
FLAG-Cdk1AF, the reaction was stopped after 10 min, and
the GST-D90-cyclin B1 and associated proteins were pulled
down on glutathione beads. As shown in Figure 4C, half-Cell Rmaximal binding of kinase-minus Wee1A-K239I and OP11-
Wee1A were obtained at Wee1A concentrations of 72 ± 9
and 279 ± 29 nM, again comparable to the values obtained
in vitro.
Thus, both in vitro and in extracts, hyperphosphorylated
Wee1A was found to bind to Cks2 (in vitro) and cyclin B1-
Cdk1 (presumably via Cks2) with an apparent affinity of
100 nM and hypophosphorylated Wee1A bound several-
fold less strongly. For comparison, the concentrations of
Cdk1 and Wee1A in Xenopus eggs have been estimated to
be 230-270 nM and 20–55 nM, respectively (Mueller
et al., 1995; Pomerening et al., 2005; Walter et al., 2000;
W€uhr et al., 2014). These affinities and concentrations are
compatible with the possibility that the interaction of Wee1Aeports 14, 1408–1421, February 16, 2016 ª2016 The Authors 1413
Figure 4. Co-precipitation of Hyperphosphorylated Wee1A with
Cyclin B1-Cdk1 from Xenopus Egg Extracts
(A) Pull down of endogenous proteins from Xenopus laevis interphase (I) or
M phase (M) extracts with recombinant GST-Cks2 proteins. The concentra-
tions of GST and GST-Cks2 were approximately 500 nM.
(B) Complex formation as a function of Wee1A concentration for hypo-
and hypophosphorylated FLAG-Wee1-K239I. The hypo- and hyper-
phosphorylated Wee1A were generated by incubating recombinant
catalytically inactive FLAG-Wee1-K239I in Xenopus egg extracts, supple-
mented with Cdk1AF (230 nM) and GST-D90-cyclin B1 (90 nM), for 3 min
(hypophosphorylated) or 10 min (hyperphosphorylated). The phosphorylation
and dephosphorylation were quenched with EDTA (25 mM) and okadaic acid
(1 mM); GST-D90-cyclin B-Cdk1 was pulled down on glutathione beads and
the associated FLAG-Wee1A was assessed by blotting with FLAG antibody.
The blots shown are from one experiment. The plotted data are combined
from three independent experiments and are fitted to a Hill curve using
Mathematica 10.
(C) Complex formation as a function of Wee1A concentration for hyper-
phosphorylated FLAG-Wee1-K239I and OP11-Wee1A. The Wee1A proteins
were incubated in mitotic extracts supplemented with Cdk1AF (230 nM) and
GST-D90-cyclin B1 (90 nM) for 10min to inducemaximal phosphorylation. The
phosphorylation and dephosphorylation were quenched with EDTA (25 mM)
and okadaic acid (1 mM); GST-D90-cyclin B-Cdk1 was then pulled down on
glutathione beads and the associated FLAG-Wee1A was assessed by blotting
with FLAG antibody. The blots are from one experiment, and the plotted data
are combined from two independent experiments.
1414 Cell Reports 14, 1408–1421, February 16, 2016 ª2016 The Authwith cyclin B1-Cdk1 might be squelched by a modest excess
of Cks2, through a prozone effect.
CanCks2Bind PhosphorylatedWee1A in the Absence of
Cyclin B1-Cdk1?
A prozone effect would require that Cks2 be able to form a binary
complex with hyperphosphorylated Wee1A in the absence of
cyclin B1-Cdk1 (Figure 5A). The data presented in Figure 3 sug-
gest that this is in fact the case, since excess Cks2 was able to
pull down hyperphosphorylated Wee1A. To test this idea more
rigorously, we engineered mutations into Cks2 that would be
expected to interfere with Cdk1 binding, but not phosphosub-
strate binding, or, as a control, to interfere with phosphosub-
strate binding, but not Cdk1 binding. The Cks2-R20A protein
has amutation at a conserved arginine residue in the anion-bind-
ing pocket of Cks2 (Figure 5B) and might compromise phospho-
substrate binding (Bourne et al., 2000; Ko˜ivoma¨gi et al., 2013).
As shown in Figure 5C, Cks2-R20A still bound to Cdk1, but did
not bind to either hypo- or hyperphosphorylated Wee1A (lanes
5 and 9). The Cks2-E63Q mutant replaces a charged residue
at the Cks2-Cdk1 interface with a polar residue (Figure 5B) and
has been shown to compromise Cks function (Bourne et al.,
1996). As shown in Figure 5C, Cks2-E63Q did not bind to
Cdk1, but did bind to hyperphosphorylated Wee1A (lane 10).
These data indicate that Cks2 can bind to Cdk1 without binding
to Wee1A and to hyperphosphorylated Wee1A without binding
to Cdk1. This means that a prozone effect is possible.
A Prozone Effect in the Binding of Cyclin B1-Cdk1 to
Phosphorylated Wee1A
To look for a prozone effect in the interaction of cyclin B1-Cdk1
with Cks2 and Wee1A, hypophosphorylated and hyperphos-
phorylated Wee1A proteins were generated and immobilized
onto protein A beads coated with anti-Wee1A antibody. Theors
Figure 5. A Prozone Effect in the Formation of Cyclin B1-Cdk1-Cks2-Wee1A Complexes
(A) Schematic view of the four binding reactions between Cks2, Wee1A, and (stable) cyclin B1-Cdk1.
(B) Residues in Cks2 critical for the binding of phosphopeptides (Arg 20) and Cdk1 (Glu 63). The structures are based on crystal structures of two related proteins,
Cks1 (1DKS) and Cdk1 (1BUH and 4EOQ) and rendered in UCSF Chimera (Pettersen et al., 2004). The amino acid side chains are shown for the residues in the
phosphate-binding pocket of Cks2.
(C) Binding of WTGST-Cks2 and two Cks2mutants (R20A and E63Q) to cyclin B1-Cdk1 and hyperphosphorylatedWee1A in vitro. The input and GST pull-downs
were blotted for total Wee1A, pT150-Wee1A, and FLAG (for Cdk1 and cyclin B1) and stained with Ponceau S (for GST-Cks2 and GST). The approximate
concentrations were: Wee1A, 20 nM; cycB1/Cdk1AF, 20 nM; and GST proteins (GST, GST-Cks2 WT, GST-Cks2-R20A, and GST-Cks2-E63Q), 300 nM.
(D) Biphasic effect of Cks2 on the binding of hyperphosphorylatedWee1A to cyclin B1-Cdk1. The active recombinant D65-cyclin B1-Cdk1AF was incubated with
Wee1A with or without ATP to produce hypo- and hyperphosphorylated Wee1A. GST-Cks2 andWee1A antibody-coated beads were added, and the associated
proteins were pulled down and detected by immunoblotting. The approximate concentrations were: cyclin B1-Cdk1AF, 200 nM;Wee1A, 250 nM; and GST-Cks2
WT, 0–600 nM as shown.immobilized Wee1A was then incubated with cyclin B1-Cdk1 in
the presence of different concentrations of Cks2 (plus no ATP).
The Wee1A beads were then pulled down and the associated
proteins were assessed. As shown in Figure 5D, hypophos-
phorylated Wee1A interacted weakly with cyclin B1-Cdk1 and
the interaction did not change much as the concentration of
Cks2 increased (Figure 5D, second blot, lanes 5–8; and Fig-
ure S1). In contrast, for hyperphosphorylated Wee1A, there
was a biphasic response to Cks2, with the binding of cyclin
B1-Cdk1 to the Wee1A beads first increasing and then
decreasing (Figure 5D, second blot, lanes 9–12; and Figure S1).
Thus, the binding of hyperphosphorylated Wee1A to cyclinCell RB1-Cdk1 depends upon the presence of an optimal concentra-
tion of Cks2; too much or too little decreases binding.
Effects of Cks2 on the Phosphorylation of Wee1A by
Cdk1AF
To test the functional relevance of these binding studies, we
examined the dependence of Wee1A phosphorylation on the
ratio of Cks2 to kinase (cyclin B1-Cdk1AF, which cannot be
enzymatically inactivated by Wee1A) and substrate (Wee1A).
As shown in Figure 6A, when cyclin B1-Cdk1AF was present in
excess of Cks2, Cks2 promoted the production of T150-phos-
phorylated Wee1A. In contrast, once the concentration of Cks2eports 14, 1408–1421, February 16, 2016 ª2016 The Authors 1415
Figure 6. A Prozone Effect in the Phos-
phorylation of Wee1A In Vitro
(A) Biphasic effect of Cks2-WT on Wee1A T150
phosphorylation.
(B) Lack of effect of Cks2-WT on histone H1
phosphorylation. The phosphorylation was as-
sessed by autoradiography.
(C) Lack of effect of Cks2-R20A/E63Q on Wee1
T150 phosphorylation.
For each panel, active recombinant D65-cyclin
B1-Cdk1AF (50 nM) was incubated with Wee1A
(50 nM) for 15 min in the presence of various
concentrations of mutant or WT GST-Cks2 as
shown. The reaction products were then analyzed
by immunoblotting.exceeded that of the Cdk1AF and Wee1A, the T150 phosphory-
lation decreased. Similar results were found using Cks2 without
a GST tag, and using human Cdk1 in place of Xenopus Cdk1
(Figure S2). Cks2 had neither a stimulatory nor an inhibitory effect
on the phosphorylation of the model Cdk1 substrate histone H1
(Figure 6B), indicating that Cks2 affected the interaction of Cdk1
with particular substrates, but did not affect the intrinsic activity
of the cyclin B1-Cdk1 complex. A mutant Cks2 protein defective
for interaction with both Cdk1 and Wee1A, Cks2-R20A/E63Q,
had no apparent effect on Wee1A T150 phosphorylation (Fig-
ure 6C). These results suggest that the formation of the full cyclin
B1-Cdk1-Cks2-pWee1A complex is important for the phosphor-
ylation ofWee1A at the critical T150 site. These results also ratio-
nalize why Cks proteins can both promote (Patra and Dunphy,
1996, 1998; Patra et al., 1999) and inhibit (Dunphy and Newport,
1989) the full phosphorylation of specific Cdk1 substrates.
Mutual Inhibition between Cyclin B1-Cdk1 and Wee1A
In Figure 6, we used the Cdk1-AF mutant, which cannot be feed-
back-inhibited byWee1A. This simplifies the situation and allows
Wee1A to act like a canonical downstream target of Cdk1, rather
than as a protein that is both substrate and regulator of Cdk1.
Here, we asked how Cks2 would affect the interplay between
the two proteins when each protein was capable of regulating
the other.
To this end, we incubated complexes of cyclin B1 and wild-
type Cdk1 with Wee1A at different concentrations of Cks2 (Fig-
ure 7). As shown in Figure 7A, in the absence of Cks2, there was
maximal Y15 phosphorylation of Cdk1 and minimal T150 phos-
phorylation of Wee1A. This indicated that Cks2 is not required
for the phosphorylation and inhibition of Cdk1 byWee1A (Figures
7A and 7B). As the Cks2 concentration rose through the prezone
range (Cks2 = 0 to 300 nM, the concentration of cyclin B1-Cdk1
in the assay), the amount of Wee1A T150 phosphorylation began1416 Cell Reports 14, 1408–1421, February 16, 2016 ª2016 The Authorsto rise. Presumably, this is because more
and more full cyclin B1-Cdk1-Cks2-
pWee1A complexes were formed, and
these complexes are more capable than
free cyclin B1-Cdk1 at fully phosphory-
lating Wee1A (Figures 7A and 7B). As
the concentration of Cks2 rose above
the concentration of cyclin B1-Cdk1,both the Cdk1 Y15 phosphorylation andWee1A T150 phosphor-
ylation decreased dramatically (Figure 7A). Consistent with these
findings, the activity of Cdk1 toward histone H1 increased at the
concentrations of Cks2 that caused the Cdk1 Y15 phosphoryla-
tion to decrease. These findings are consistent with the scheme
shown in Figure 7B.We assume that Y15 phosphorylation is inef-
ficient in both the full cyclin B1-Cdk1-Cks2-pWee1A complexes
and in the interaction of cyclin B1-Cdk1-Cks2 with Cks2-Wee1A
complexes, whereas Wee1A T150 phosphorylation is inefficient
in the interaction of cyclin B1-Cdk1-Cks2 with Cks2-Wee1A
complexes, but efficient in the full cyclin B1-Cdk1-Cks2-
pWee1A complexes.
Taken together, these findings show that the dominant direc-
tion of inhibition in the Cdk1-Wee1A system is dictated by the
concentration of Cks2. When the system is in the prezone
regime, Wee1A dominates over Cdk1; when the system enters
the prozone regime, Cdk1 begins to dominate over Wee1A;
and at the highest ratios of Cks2 to Wee1A and cyclin
B1-Cdk1, neither kinase regulates the other efficiently.
DISCUSSION
Bray and Lay (1997) previously explored the equilibrium relation-
ship between protein concentration and complex formation for
various oligomeric complexes, through numerical solution of
the equilibrium equations, and showed that a prozone-like effect
can occur when one of the proteins (the equivalent of an adaptor)
can bind its ligands either individually or at the same time. Similar
findings were shown by Levchenko et al. (2000) in their compu-
tational studies of yeast mating pheromone signaling. Here, we
have extended this computational work by deriving analytical ex-
pressions for the equilibrium formation of various monomeric,
dimeric, and ternary species in a system consisting of an adaptor
(species B) and two ligands (species A and C). We show that the
Figure 7. The Effect of Cks2 on the Mutual
Inhibition of Cyclin B1-Cdk1 and Wee1A
(A) Effect of Cks2 onWee1A T150 phosphorylation
and Cdk1 Y15 phosphorylation. The active re-
combinant D65-cyclin B1-Cdk1 (300 nM) was
incubated with Wee1A (30 nM) for 15 min in the
presence of various concentrations of WT
GST-Cks2 as shown. The reaction products were
then analyzed by immunoblotting. The blots are
from one experiment. The HH1 denotes histone
H1. The graph shows the quantitated Cdk1
and Wee1A phosphorylation levels from two
experiments.
(B) Schematic depiction of the interplay between
Cdk1 and Wee1A at various ratios of the kinases
to Cks2. When no Cks2 is added, Cdk1 Y15
phosphorylation is maximal and Wee1A T150
phosphorylation is minimal. As the Cks2 con-
centration increases through the prezone
range (Cks2 = 0–300 nM) and full cyclin B1-Cdk1-
Cks2-Wee1A complexes are formed, the
amount of Wee1A T150 phosphorylation rises
and the amount of Cdk1 Y15 phosphorylation
falls slightly. In the prozone range (Cks2 >
300 nM), phosphorylation of both proteins
falls. Data are means ± SE from four (for
the 100,000 nM data) or six (for all other data)
experiments.equilibrium concentration of the ternary ABC complex depends
upon the stoichiometric ratio of the adaptor to its ligands. In
the limiting case of high-affinity binding, a stoichiometric ratio
of 1:1:1 produces the maximal amount of ABC complex
(Figure 1).
We then tested this theory by examining the binding of two
oligonucleotides (Input-14 and Input-27, corresponding to the
A and C species in the theory) to a complementary oligonucle-
otide (Adaptor-42, the B species). We found that this system
exhibits a biphasic, bell-shaped dependence of the amount
of the ternary ABC complex as a function of the concentration
of B, with maximal complex formation obtained at the predicted
1:1:1 stoichiometric ratio (Figure 2). The experimental data
were well accounted for by the theory, with no adjustable
parameters.
Next, we examined whether this conceptual framework
applied to the interaction of cyclin B1-Cdk1 complexes with
Cks2 and phosphorylated Wee1A, as suggested by previous
work on the interaction of budding yeast Cks1 with phosphor-
ylated Sic1, Cdc6, and Swe1 proteins (Ko˜ivoma¨gi et al., 2013;
McGrath et al., 2013), and on previous work on the Xenopus
Cks2 protein (Patra and Dunphy, 1996, 1998; Patra et al.,
1999). We found that hyperphosphorylated Xenopus Wee1A
binds to the relevant Cks protein, Cks2, several-fold more
strongly than does hypophosphorylated Wee1A (Figures 3
and 4), consistent with the longstanding hypothesis that Cks
proteins promote the interaction of Cdk1 complexes with
particular phosphoproteins (Arvai et al., 1995; Ko˜ivoma¨gi
et al., 2013; McGrath et al., 2013; Parge et al., 1993; Patra
and Dunphy, 1996, 1998; Patra et al., 1999). This priming andCell Rcooperativity helps explain the ultrasensitivity observed in the
multisite phosphorylation of Wee1A (Ferrell and Ha, 2014;
Kim and Ferrell, 2007). Cdc25C exhibits an even higher degree
of ultrasensitivity in its regulation by Cdk1, and, as previously
noted, priming and cooperativity probably contributes to that
ultrasensitivity as well (McGrath et al., 2013; Trunnell et al.,
2011).
We also found that the relationship between the concentration
of Cks2 and the amount of cyclin B1-Cdk1-Cks2-pWee1 com-
plex formation is biphasic (Figure 5), with substoichiometric
amounts of Cks2 promoting full complex formation and supra-
stoichiometric amounts squelching it. Likewise, we found that
the phosphorylation of Wee1A at T150, a functionally critical
late phosphorylation site (Kim et al., 2005), depends upon
Cks2 in a biphasic fashion when Cdk1AF is used, so that
Wee1A is acting like a ‘‘normal’’ downstream target of Cdk1
rather than as a protein that acts both upstream and down-
stream of Cdk1 (Figure 6). These findings rationalize why both
decreases and increases in the expression levels of Cks proteins
can compromise cell-cycle progression (Dunphy and Newport,
1989; Hayles et al., 1986; Patra and Dunphy, 1996; Patra et al.,
1999).
Finally, we found that Cks2 has a dramatic effect on the
mutual inhibition of Cdk1 and Wee1A in vitro (Figure 7). At zero
or low concentrations of Cks2, Wee1A wins out over cyclin
B1-Cdk1. As the concentration of Cks2 increases, Wee1A
begins to be inhibited by cyclin B1, presumably through the
formation of full cyclin B1-Cdk1-Cks2-Wee1A complexes.
At higher concentrations of Cks2, Cdk1 wins out over
Wee1A, and at the highest Cks2 concentrations, each kinase iseports 14, 1408–1421, February 16, 2016 ª2016 The Authors 1417
compromised in its regulation of the other. This is presumably
due to the predominance of the less productive partial
complexes (cyclin B1-Cdk1-Cks2 and Cks2-Wee1A). Of course,
in vivo, the system includes not just the two kinases and Cks2,
but also opposing phosphatases whose relative activities will
affect the two kinases’ phosphorylation and inactivation of
each other. Nonetheless, the ability of Cks2 to push the mutual
inhibition of Cdk1 and Wee1A in favor of Wee1A at low concen-
trations and in favor of Cdk1 at higher concentrations should
contribute to the overall behavior of the system in vivo as well
as in vitro.
The general phenomenon examined here, which is analogous
to the prozone effect and to transcriptional squelching, is some-
times regarded as mainly being significant in that it can produce
misleading phenotypes in overexpression studies. For example,
the JIP1 scaffold protein, which interacts with kinases in the
Jun kinase (JNK) cascade, can inhibit the function of the
JNK cascade when overexpressed (Dickens et al., 1997), but
at physiological concentrations JIP1 is thought to promote
JNK activation (Yasuda et al., 1999). The same is true for the
KSR proteins, facilitators of Ras/Raf/ERK signaling that when
overexpressed can have opposite effects (Cacace et al., 1999;
Roy et al., 2002).
However, it is possible that the prozone effect could be impor-
tant for normal signal processing aswell. Whether it does or does
not depends upon the stoichiometric ratios of the proteins, their
affinities, and any cooperativity (positive or negative) involved in
the interaction (see Supplemental Information). In the case of the
Xenopus Cdk1 system, we have some quantitative information
along these lines. In a recent mass spectrometry study, the
Xenopus Cks proteins were estimated to be expressed at con-
centrations in (slight) excess of Cdk1 (Cks1B, 45 nM; Cks2,
303 nM; and Cdk1, 269 nM; W€uhr et al., 2014). Previous immu-
noblotting experiments yielded similar estimates (Cks2,
560 nM; Patra and Dunphy, 1996; and Cdk1, 230 nM; Pomeren-
ing et al., 2005). Thus, Cdk1 and the Cks proteins are present at
similar concentrations, with there being perhaps a100–300 nM
excess of Cks. If free Cks and Cdk1-bound Cks bind equally well
to a phosphosubstrate produced during early mitosis, the initial
rate of the substrate’s second phosphorylation would be
50%–75% of the maximal rate, where the maximal rate would
be achieved once the phosphosubstrate concentration rose to
the concentration of free Cks. This relatively subtle effect could
be multiplied if the substrate’s full hyperphosphorylation de-
pended uponmultiple non-processive rounds of Cdk1-Cks bind-
ing. Alternatively, if free Cks binds the phosphosubstrate more
strongly than Cdk1-Cks does (i.e., there is negative cooperativity
in the formation of the Cdk1-Cks-phosphosubstrate complex),
the substrate’s hyperphosphorylation could be strongly
squelched by any excess free Cks.
The same principlesmight be a feature of other regulatory pro-
cesses that involve adaptor proteins, provided that (1) the affinity
of the adaptor for its binding partners is reasonably high, and (2)
the system changes from being in adaptor-excess to binding
partner-excess in the course of its normal regulation. Given
how frequently adaptor proteins are found in cell signaling pro-
cesses, it will be interesting to see how common this mechanism
for generating biphasic responses and thresholds is.1418 Cell Reports 14, 1408–1421, February 16, 2016 ª2016 The AuthEXPERIMENTAL PROCEDURES
DNA Annealing
Oligonucleotides that have been developed for electrophoretic mobility shift
assays (Jullien and Herman, 2011) were used with some variations.
A 14-mer oligonucleotide (50- GTGCCCTGGTCTGG-30 ) derived from mouse
SINE B1, a 27-mer oligonucleotide (50- TGTCTTCCTGAATATGAATAAGA
AATA-30) derived from rat prolactin promoter, and a 42-mer oligonucleotide
(50- GTGCCCTGGTCTGG ATGTCTTCCTGAATATGAATAAGAAATA-30 ) con-
taining both mouse SINE B1 and rat prolactin promoter sequences were
synthesized and denoted Input-14, Input-27, and Input-42, respectively.
A 42-mer oligonucleotide (50-TATTTCTTATTCATATTCAGGAAGACATCCAG
ACCAGGGCAC-30) complementary to the Input-42 oligonucleotide was syn-
thesized and denoted Adaptor-42.
For annealing, oligonucleotides were mixed in an annealing buffer (10 mM
Tris-HCl [pH 8.0], 1 mM EDTA, and 50 mM NaCl) and a heating-cooling step
was performed in a thermocycler (Eppendorf). First, oligonucleotide mixtures
were heated to 94C for 2 min, cooled down to 70C at a fast speed (3C/sec),
and then slowly cooled down to 18C (at 1C/min). The aim was to maximize
the selectivity of the on-target, high-affinity binding reactions over off-target,
lower-affinity binding reactions and to allow the binding reactions to equilibrate
before they are locked in place by slow dissociation rates.
The mixture was then separated by a native gel electrophoresis (a 15% Tris/
borate/EDTA gel, Bio-Rad, with Tris/borate/EDTA buffer in a constant voltage
of 100 V for 2 hr) at room temperature, stained with SYBR Gold nucleic acid
staining solution (Invitrogen), and visualized with a ChemiDoc MP gel imaging
system (Bio-Rad). The intensities of bands of interest were quantified with
ImageJ software (NIH).
Preparation of Recombinant Cks2 Proteins in Bacteria
A gene encoding Xenopus laevis Cks2a (Genbank: NM_001088329) was
synthesized (Integrated DNA Technologies) and subcloned into the BamHI
and ZhoI sites in a pGEX4T-2 expression vector. Mutations at Arg
20 (R20A), Glu 63 (E63Q), or both residues were engineered using a
QuikChange site-directed mutagenesis kit (Stratagene). The oligonu-
cleotides used to produce the point mutations were as follows: R20A,
50-CACGGATGAACACTTCGAGTACGCACATGTTATGTTACCCAAAGAGT-30
and E63Q, 50-GGTCCATTATATGATTCATGAACCACAGCCGCACATTCT-30.
Mutations were verified by DNA sequencing. Cks2 N-terminal GST fusion
proteins were expressed in bacteria with 0.1 mM isopropyl-b-D-1-thiogalac-
topyranoside (IPTG) induction and purified using glutathione-Sepharose as
described in the GST purification manual (GE Healthcare). For some exper-
iments, N-terminal GST was cleaved with thrombin (Sigma) and free
thrombin was cleared with p-aminobenzamidine-agarose (Sigma) as
described in manufacturer’s manual. Purified Cks2 proteins were further
concentrated using Amicon (Millipore).
Preparation of Recombinant Wee1 Proteins in Insect Cells
N-terminally FLAG-tagged Xenopus laevis Wee1A protein wild-type (WT)
(FLAG-Wee1A-WT), a kinase-dead form of Wee1A (FLAG-Wee1A- K239I)
and FLAG-Wee1A-OP11 protein that has all 11 Ser/Thr-Pro sites mutated to
Ala-Pro, were expressed by infecting Sf9 cells with baculoviruses encoding
WT Wee1A, Wee1A-239I, and Wee1A-OP11 as described previously (Kim
and Ferrell, 2007). Cell pellets were lysed with Tris-HCl [pH 7.4], 150 mM
NaCl, 1 mM EDTA, 10 mM 2-mercaptoethanol, 0.1% NP-40, 10 mg/ml leu-
peptin, 10 mg/ml chymostatin, and 10 mg/ml pepstatin and were affinity-puri-
fied on anti-FLAG M2 agarose (Sigma). 3X-FLAG peptides were used to elute
Wee1A proteins as described in manufacturer’s manual (Sigma).
Preparation of the Recombinant Cdk1-Cyclin B1 Complex in Insect
Cells
Active Cdk1-cyclin B1 complex was prepared as described previously (Kuma-
gai and Dunphy, 1995). Sf9 cells infectedwith baculoviruses containing either a
non-inhibitable Xenopus laevis Cdk1 (FLAG-His-Cdk1-T14A/Y15F, denoted
FLAG-His-Cdk1AF) or WT Xenopus laevis Cdk1 were washed with ice-cold
Tris buffered-saline (TBS; 10 mM Tris-HCl [pH 7.5] and 150 mM NaCl)
and lysed in HEPES buffered-saline (HBS; 10 mM HEPES-NaOH [pH 7.5]ors
and 10 mM NaCl) plus 1 mM EGTA, 1 mM phenylmethylsulfonyl fluoride,
10 mg/ml leupeptin, 10 mg/ml chymostatin, and 10 mg/ml pepstatin with a
Dounce homogenizer. After adjusting the NaCl concentration to 150 mM,
cell lysateswere centrifuged at 16,0003 g for 20min. Supernatants containing
FLAG-His-Cdk1AF were stored at 80C.
Baculovirus encoding non-degradable Xenopus laevis cyclin B1 (FLAG-
His-D65-cyclin B1) was infected into Sf9 cells. Cells were first washed with
ice-cold TBS and then lysed with ice-cold HBS plus 5 mM EGTA, 1 mM phe-
nylmethylsulfonyl fluoride, 0.5% Triton X-100, 10 mg/ml leupeptin, 10 mg/ml
chymostatin, and 10 mg/ml pepstatin, sonicated on ice and centrifuged at
16,000 3 g for 20 min. The resulting supernatants were incubated with
Ni-NTA agarose (QIAGEN) at 4C for 30 min and the resulting beads were
washed first with HBS plus 0.5% NP-40 and then with HBS alone. To
assemble the active Cdk1-cyclin B1 complex, FLAG-His-D65-cyclin B1
immobilized on Ni-NTA agarose was incubated with Sf9 cell lysate containing
either FLAG-His-Cdk1AF or WT-Cdk1 as described above in the presence
of 0.5 mM ATP and 10 mM MgCl2 at 22
C for 20 min. After washing
with HBS, the His-tagged proteins were eluted with 200 mM imidazole
in HBS.
Phosphorylation of Wee1A by Cdk1-Cyclin B1, and Phosphorylation
of Cdk1-Cyclin B1 by Wee1A
Recombinant Wee1A proteins (50 nM) were mixed with either Xenopus laevis
Cdk1AF-D65-cyclin B1 complex (Cdk1AF has non-phosphorylatable residues
at Thr 24, Ala, and Tyr 15, Phe, and cannot be phosphorylated and inactivated
by Wee1-family kinases and D65-cyclin B1 is not degraded by the anaphase-
promoting complex/cyclosome) (50 nM), Xenopus laevis Cdk1 (WT)-D65-cy-
clin B1 complex (300 nM), or recombinant human Cdk1-cyclin B1 complex
(1 unit, New England Biolabs) in a kinase assay buffer (5 mM Tris [pH 7.5],
10 mM MgCl2, 1 mM DTT, 0.1 mg/ml ovalbumin, 1 mM okadaic acid, and
100 mM ATP) at 22C for 15 min. To test the effect of Cks2, different concen-
trations of Cks2 (0 to 50 mM) were added. The phosphorylation reactions were
stopped by addition of SDS sample buffer.
Interaction of Wee1A with Cks2
Bacterial pellets containing recombinant GST-Cks2 proteins were lysed in
bacterial lysis buffer (10 mMHEPES-NaOH [pH 7.5], 150mMNaCl, 1 mM phe-
nylmethylsulfonyl fluoride, and 1% Triton X-100), clarified, and incubated with
glutathione-Sepharose (GE Healthcare) in a cold room for 30 min. Recombi-
nant Wee1A proteins were incubated with either recombinant Xenopus laevis
Cdk1AF-D65-cyclin B1 complex (as described above) or recombinant human
Cdk1-cyclin B1 complex (New England Biolabs) in the absence of Cks2.
Kinase reactions were performed in a kinase assay buffer (5 mM Tris
[pH 7.5], 10 mM MgCl2, 1 mM DTT, 0.1 mg/ml ovalbumin, 1 mM okadaic
acid, and 100 mMATP) at 22C for 45 min as described previously with a minor
modification (Patra et al., 1999).
The resulting immobilized GST-Cks2 was incubated with phosphorylated
recombinant Wee1A proteins in a binding buffer (50 mM HEPES [pH 7.8]
and 10 mM NaCl) at 4C for 2 hr.
Interaction of Wee1A with Cdk1-Cyclin B1
Recombinant Wee1A proteins were phosphorylated by Cdk1-cyclin B1 in the
absence of Cks2 as described above. The resulting mixtures were incubated
with anti-Wee1A antibody immobilized on protein A agarose in the presence
of different amounts of Cks2 in a binding buffer (50 mM HEPES [pH 7.8] and
10 mM NaCl) at 4C for 2 hr.
Cdk1 Kinase Assay
The activity of recombinant Cdk1-cyclin B1 complex was measured with his-
tone H1 as a model substrate as described elsewhere (Murray, 1991). In brief,
different concentrations of Cks2 protein (0–10 mM) and histone H1 (0.5 mg/ml,
Millipore) were added into kinase assay buffer (5 mM Tris [pH 7.5], 10 mM
MgCl2, 1 mM DTT, 0.1 mg/ml ovalbumin, 1 mM okadaic acid, and 100 mM
ATP) plus g-32P-ATP. Protein samples were resolved in a Bis-Tris gel with
MES running buffer (Bio-Rad) and transferred to a PVDF membrane. Phos-
phorylation of histone H1 was quantified by autoradiography.Cell RWestern Blotting
All protein samples were subjected to SDS polyacrylamide electrophoresis
and transferred to PVDF membranes. Blotting membranes were either stained
with Ponceau S or probed with anti-FLAG (Sigma), anti-Wee1A (Invitrogen),
anti-GST (Santa Cruz Biotechnology), anti-cyclin B2 (Santa Cruz Biotech-
nology), anti-Cdk1 pY15 (Cell Signal Transduction), or anti-Cdk1 (Cell Signal
Transduction) antibodies. Rabbit serum against the synthetic peptide corre-
sponding to VNINPFpTPESY in Xenopus laevis Wee1A was affinity-purified
and then used as anti-pThr150-Wee1A antibody (Kim et al., 2005). All blots
were probed with a horseradish peroxidase-conjugated secondary antibody
and detected with Immobilon Western Chemiluminescent HRP substrate
(Millipore). A ChemiDoc MP gel imaging system (Bio-Rad) and ImageJ soft-
ware (NIH) were used for the visualization and quantification, respectively.
Care was taken to ensure that the immunoblotting signal varied linearly with
protein concentration.
Preparation of Xenopus Egg Extracts
For the experiments shown in Figures 4B and 4C, Xenopus interphase-ar-
rested extracts were prepared as described previously (Murray, 1991) by de-
jellying unfertilized eggs in 2% cysteine and activating them with 0.4 mg/ml
calcium ionophore A23187 (Sigma-Aldrich) in the presence of 10 mg/ml
cycloheximide. To drive interphase extracts into a stable mitotic state,
GST-D90-cyclin B or D65-cyclin B1 was added at a concentration of
90–100 nM unless indicated otherwise. Demembranated sperm chromatin
was routinely added to the extracts at a concentration of 500 sperm/ml and
stained with DAPI to monitor progression into mitosis.
For the experiment shown in Figure 4A, CSF extracts were prepared simi-
larly (Murray, 1991), except that the eggs were not activated with A23187
and the extracts were not treated with cycloheximide. A portion of the CSF
extract was driven into interphase by incubation with CaCl2 (0.4 mM). Our an-
imal subjects use was approved by Stanford’s International Animal Care and
Use Committee. The protocol number and latest approval date are APLAC-
13307 and December 17, 2015.
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